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ABSTRACT
Natural gas is efficient, convenient and relatively clean energy source and its global use
is growing rapidly. It burns to form carbon dioxide (C02) and water (H20) without or
with minimal smoke subject to composition. The presence of carbon dioxide in natural
gas prior to combustionwould lower the heating value of the gas, increase the volume
of gas that must be transported and increase the environmental impact. Most of the
existing acid gas treatment systems in gas plants are limited in C02 removal capacity of
30 mol% to 40 mol%. Hence, this project aims to investigate the potential of an onsite
application of adsorption column with aminated resin to capture C02 at the natural gas
reserves using flowsheet simulation based approach. The simulation of this C02
removal plant that reduces the C02 content down to 30 mol%, i.e. the gas processing
plant's limitation, is done. The effects of temperature, pressure, adsorbent concentration
and its flow rate on performance of C02 removalare investigated using the model.
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Natural gas has been preferred as energy source over some existing energy sources such
as coal and petroleum .This is because natural gas is found to be relatively environment-
friendly and high effective source of energy. Natural gas is used as fuel in such sectors
as transportation, industrial, agricultural, and a raw material for petrochemical industry.
Furthermore, natural gas can be used in a cooling system. However, to bring natural gas
to this desirable composition the natural gas mixture derived from reserves needs to go
through separation processes for the removal of some contaminating gases such as CO2
for optimal results.
Natural gas is a mixture of various hydrocarbon gases known in scientific names i.e.
methane, ethane, propane, and butane. Commonly, methane constitutes around 70% of
the gas. In addition to hydrocarbon, other components, such as carbon dioxide,
hydrogen sulfide, nitrogen and water can also be found.
Natural gas can also be used to produce various products through gas separation process.
As natural gas is made up from many beneficial compositions, at gas separation plants,
those compositions can be extracted for a number of products (Steve, 1997) such as
methane, ethane, propane and butane, heavier hydrocarbons and Natural Gasoline (NGL)
in which each of them has a wide variety of uses.
Natural gas is fossil fuel formed from plant and animal remains millions of years ago.
And it has the following physical properties (Steve, 1997)
• It is hydrocarbon component with methane as a major component.
• It is colorless and odorless.
• It is lighter than air with a specific gravity of about 0.6-0.8.
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• It is inflamed during a range of 5-15% by volume of gas in air. The self-ignition
temperature ofnatural gas is 537-540 °C.
• As it is a clean fuel with cleaner burning nature, natural gas has lower
environmental impact when compared with other types of fuel.
1.1.2 Market Survey for Natural Gas Demand
Public domain information (Mark, 2009) shows that (Figure 1.1) world natural gas
consumption grew by 2.5% in year 2008. As natural gas consumption is determined by
both supply and demand , based on upward trend of the graph it can be estimated that
the world natural gas demand would substantially increase for the coming few years.
This shows that natural gas has the potential to become the future dominant fuel source.
Period
Figure 1.1: Statistical Review of World Natural Gas Consumption (Mark, 2009)
However, in addition to the routine production of low quality and sour natural gas
reservoirs, in recent years reduced petroleum reserves have resulted in development of
enhanced oil recovery techniques, such as CO2 miscible flooding , which can result in
production of gas streams having high acid gas content as high as 98% (Clifton et al.,
1985). This CO2 content can potentially reduce heating quality of the gas and when
burned it results in emission of high amount of CO2 which is one of the green house
gases. Consequently, giving much more attention towards the quality of natural gas in
order to meet the customers' specifications would be the major task to gas companies.
Hence, the project considers producing a feasible flowsheet which would help the gas
companies to meet their customers' specifications in more environmentally friendly way.
1.1.3 Carbon Dioxide Content of Various Natural Gas Reserves in Malaysia
In Malaysia as of January 2008, a total of 379 fields have been discovered, of which 163
are oil fields and 216 are gas fields (Abdul Rahim, 2008). Later for the validation of this
project we might need to undergo industrial case studies. Thus, knowing the carbon
dioxide content for the reserves in Malaysia is more justifiable than otherwise. Table 1.1
shows the summary of high C02 gas fields in Malaysia.












PETRONAS Bujang 1.47 0.5 66% 0.97
PETRONAS Sepat 1.2 0.48 60% 0.72
PETRONAS Noring 0.58 0.23 60% 0.35
PETRONAS Inas 1.04 0.42 60% 0.62
PETRONAS Tangga Barat 0.33 0.22 32% 0.11
PCSB Ular 0.14 0.07 50% 0.07
PCSB Gajah 0.12 0.06 50% 0.06
PCSB Bergading 1.36 0.82 40% 0.54
PCSB Beranang 0.08 0.06 28% 0.02
EMEPMI Palas NAG 0.38 0.2 46% 0.18











PETRONAS K5 25.65 7.7 70% 17.95
PETRONAS J5 5.37 0.7 87% 4.67
PETRONAS Jl 1.43 0.59 59% 0.84
PETRONAS T3 1.04 0.39 62% 0.65
PETRONAS Tenggiri Mrn. 0.33 0.18 47% 0.15
TOTAL 33.82 9.56 24.26
Table 1.1 illustrates that the majority of natural gas fields in Malaysia have carbon
dioxide content of 50 to 74%, which proves the significance of the project.
1.1.4 Technology Options for CO2 Capture
There are many possible processes for CO2 removal in which the variations are best
suited to a certain operating conditions. In selection of appropriate separation techniques
for CO2 removal from natural gas, the conditions at which the feed gas is available for
processing, final product specification, capital and operating costs are the key factors
which should be taken into consideration. The major separation techniques (Salako,








c. Physical Separation (Membrane, Cryogenic Separation)
a. Absorption: refers to processes in which a substance penetrates (diffuses) into the
actual interior of crystals, of blocks of amorphous solids, or of liquids. Physical
absorption involves the removal of CO2 using organic solvents (Salako, 2005). Here, the
acid gas components get absorbed physically by the absorbent. Selexol process, rectisol
process and fluor processes are some of the common physical absorption processes used
for CO2 removal. The selexol process uses a mixture of polypropyleneglycoldimethyl
ethers as a solvent whereas rectisol and fluor process use methanol and propylene
carbonate respectively (Salako, 2005).
On the other hand, chemical absorption is based on exothermic reaction of the solvent
with gas stream to remove the CO2 present. Chemical absorption processes are
particularly applicable where acid gas (CO2) partial pressure are low and for low level
of acid gas requirement in the residue gas (Salako, 2005). An example of chemical
absorption is the uses of potassium carbonate (K2CO3) to remove CO2.
Amine-based, solvent-capture systems have been extensively used for the removal of
CO2 from gas streams in many industries. This process based on the principles of
chemical absorption of CO2 via alkanolamines is considered to be a potential technique
for capturing C02 from natural gas. Aqueous alkanolamines such as monoethanolamine
(MEA), methyldiethanolamine (MDEA), diisopropanolamine (DIPA), diglycolamine
(DGA), triethanolamine (TEA) and 2-amino-2-methyl-l-propanol (AMP) have been
widely used chemical absorbents for removal of acid gases (CO2, H2S) (Song et al,
2006). The particular choice of alkanolamine is primarily dictated by the requirements
of a specific application. However, at high CO2 levels due to the high energy
requirement for regenerating the absorbents other processes become rather desirable
(Clifton etal., 1985).
b. Adsorption: refers to the collecting of molecules by the external surface or internal
surface (walls of capillaries or crevices) of solids or by the surface of liquids. The
removal processes is either by chemical reaction (Chemical adsorption) or by ionic
bonding of solid particles with the acid gas.
Due to the limited lifetime, susceptibility to degradation through oxidation and
corrosion problems observed in aqueous amine processes (Philip et al., 1999) recently
there is a need to utilize solid sorbents for CO2 removal. Activated carbon (George and
Coraopolis, 1970 ), phenolic resin-based carbon spheres ( Przepiorski et al., 2002),
molecular sieve (Zeolite) (Wei et al, 2009) and silica gel (Leal et al., 2000) process are
some of the common adsorption processes for CO2 removal from natural gas. Leal et al.
(2000) demonstrated the reversible adsorption of CO2 on amine surface-bonded silica
gel in which the porous support provides the amine with structural integrity and a
surface for gas/solid contact. Hence, a development of synthetic and higher capacity,
more selective adsorbent would greatly improve the overall performance of the
adsorption separation process.
c. Membrane Separation: Carbon dioxide membranes operate on the principle of
selective permeation. Polymer membrane systems are commercially proven technology
for natural gas treatment applications (Salako, 2005). However, there would be high
amount of hydrocarbons loss due to some tendency of diffusion through the membrane.
Accordingly, it can be stated that the process selection for CO2 removal depends on the
raw gas conditions and treated gas specifications. As preliminary laboratory-scale
research indicated the specially designed aminated resin of this project has been proved
to be a good solid adsorbent to remove CO2 from high CO2 loaded natural gas stream.
Hence, in this project flowsheet of the acid gas plant is developed and simulated to
prove the industrial scale performance of this particular adsorbent.
1.1.5 CO2 Adsorption Mechanisms
The aminated resin of this project is a solid material where adsorption of carbon dioxide
is expected to take place. Thus, knowing adsorption mechanisms of the carbon dioxide
onto solid adsorbents would help to understand the system better. More often, for the
adsorbents being used for CO2 removal the adsorption process is considered to be gas-
solid interaction. Adsorption occurs in three stages (Coulson et al., 1991) as it is
described in Figure 1.2.





The first layer of
..chemically adsorbed
molecules
Figure 1.2: A Gas-Solid Carbon Dioxide Adsorption Mechanism
Figure 1.2 shows that at first a single layer of molecules builds up over the surface of
the solid. This monolayer may be chemisorbed and will be associated with a change in
free energy which is characteristic of the forces which holds it. And the fluid
concentration is further increased, second and third etc., layer form a physical
adsorption; the number of layers which can form may be limited by the size of the pores.
Finally for the gas phase, capillary condensation may occur in which capillaries become
filled with condensed adsorbate (Coulson et al., 1991).
However, an adsorption mechanism might differ from one system to another depending
on nature of interaction in a system. For instance, there might be a three phase
interaction (gas-liquid-solid) in a system as it has been discussed by Zhang et al.(2004).
In such systems, the adsorption mechanism would vary accordingly.
Zhang et al. (2004) reported a possible mechanism for a novel three-phase (gas-solid-
liquid) CO2 absorption system with primary or secondary immobilized amine and
methyldiethanolamine (MDEA). In the mechanism (Figure 1.3) CO2 from the gas phase
dissolves in the liquid phase (gas-liquid mass transfer). The formation of carbamate
then takes place as a kind of chemical adsorption process through the reaction of
dissolved C02 with the immobilized amine (liquid-solid 'adsorption'), which would be
continuously regenerated by hydrolysis reaction between the aqueous MDEA solution in
the liquid phase flowing over the immobilized amine and the carbamate releasing
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HCCv<aq)+ VIDEAH+(aq)
Figure 1.3: A Gas-Liquid-Solid-Liquid Mechanism (Zhang et al, 2004)
1.2 PROBLEM STATEMENT
The existing proven and economically viable technologies being used for CO2 removal
from natural gas, such as absorption on liquid amines, adsorption on solidmaterials and
membranes have a maximum of 30 mol% to 40 mol% C02 removal efficiency (Brian
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and Swallow, 1984). However, having natural gas mixture straight from reserves
containing about 10 to 70 mol% methane and carbon dioxide content of 30 to 90 mol%
(Brian and Swallow, 1984),the existing natural gas treating plants will be ineffective for
this high carbon dioxide loaded stream due to their limited absorption capacity i.e. as
high as 30 mol% to 40 mol%. As it is also shown in Table 1.1 the majority of natural
gas fields in Malaysia have carbon dioxide content of 50 to 74 mol%, which proves the
significance of the project.
Thus, in order to minimize CO2 amounts in natural gas mixture and at the same time
complement the existing CO2 treatment unit in refineries, it is proposed to install an
adsorption based separation system that uses a newly and specially designed aminated
resin. The system would be expected to reduce the concentration of carbon dioxide up to
30% or less before the gas being directed to amine treating plants at the gas refineries.
1.3 OBJECTIVES
The main objective of this project is investigate the potential of an onsite application of
adsorption column with a newly designed aminated resin to capture CO2at natural gas
reserves using flowsheet simulation based approach. Below are the specific objectives
of the study:
1. To synthesize feasible routes for CO2 adsorption system that uses a specially
designed aminated resin which can be applied to a high CO2 content and high
pressure natural gas stream at natural gas reserves.
2. To develop feasible flowsheet and simulate it in ICON and HYSYS to identify
best operating parameters for the system.
3. To perform preliminary economic evaluation for the system.
1.4 SCOPE OF WORK
The overall scope of work for this study is to provide cost effective and environmentally
friendly CO2 capture plant design from natural gas from reserves. Conceptual studies,
evaluation of processing options and determination of optimal operating parameters are
possible activities to be undertaken during the project.
Figure 1.4 demonstrates the overall natural gas processing facilities including the
proposed acid gas removal system of this project. It would consist of gas reception


















Figure 1.4: The Overall Process for Natural Gas Processing System
Natural gas delivered from reserves contains hydrocarbon condensate and water. Thus,
it is usually passed through field separators at the reserves to remove those components.
Slug catcher and stabilizer are used mainly for that separation ( Al-Sobhi, et al., 2009 ).
Such activities are conducted in the gas reception facilities shown in Figure 1.4.
However, the main focus of this project is more on developing a practical flowsheet of
the acid gas removal and disposal system. Up on treatment in the proposed acid gas
removal system, the gas will be sent to existing acid gas treatment plants for further
purification to meet customer's specifications.
A sour natural gas is a natural gas which contains, in addition to hydrocarbon
components, one or more acid gas components such as CO2 and H2S. Figure 1.5
illustrates that the natural gas delivered from offshore reserves would go through the
proposed acid gas removal system at the reserves. Once the target product specification
is achieved (< 30 mol% of CO2), the gas will be sent to existing refineries for further
processing. The desired natural gas product specification will be used for simulation to
study process alternatives, process design to optimize flowsheet, assess feasibility and
preliminary economics, and plant operation to reduce energy use, increase yield and
improve pollution control.
Sour natural gas from
reserves
Composition





Natural gas to refinery
plant
Composition
20 mol% or less C02
Figure 1.5: Block Diagram Representation of the General Streams Conditions of a




2.1 CARBON DIOXIDE REMOVAL TECHNIQUES
Understanding the behavior of the CO2 removal system would help to design a
reasonable flowsheet. It has been highlighted in Chapter 1 that generally three different
approaches have been used for CO2removal from gas streams. Those are absorption on
liquid amines, adsorption on solid materials and membrane technology (Leal et al.,
2000).
Recently, several solid sorbets have been utilized to remove C02 from gas streams. Leal
et al. demonstrated the reversible adsorption of C02 on amine surface-bonded silica gel.
Moreover, Hermann et al. (1989) elaborated the adsorption of C02 on aminated carbon
molecular sieves. In this process the gas to be treated is contacted with the material at
room temperature and atmospheric pressure. The carbon molecular sieve-based material
has been functionalized with amine groups to chemically treat the surface of carbon-
based material to improve its adsorptive capabilities. Regeneration was done by heating
to moderate temperature. However, George and Coraopolis (1970) reported another way
of reactivation of monoethanolamine impregnated activated carbon by passing
monoethanolamine vapors through the exhaust carbon to sweep out the CO2, carbon
disulphide(CS2)andH2S.
In the same area of study, in order to prove the best adsorption capacity of amine
functionalized adsorbents, Bj0rnar et al. (2008) carried out experiment on three different
porous metal organic framework (MOF) materials with and without uncoordinated
amine functionalities inside the pores. The materials have been characterized and tested
as adsorbents for carbon dioxide. At 298 K the materials adsorb significant amount of
carbon dioxide, the amine functionalized adsorbents having the highest CO2 adsorption
capacities, the best adsorbing around 14 wt% C02 at l.Oatm C02 pressure. At 25atm
C02 pressure, up to 60 wt% C02 can be adsorbed.
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The use of membranes top remove carbon dioxide and other acid gases were assessed by
Bhide and Stern (1993). Besides, Anjan and Pradip (2006) reported on optimization of
membrane unit for removing carbon dioxide from natural gas. Aromatic polyimide
separation membranes are particularly useful for CO2 enrichment, because they are able
to achieve high flow rates with good selectivity and relatively low temperature (Orland
et al., 2000). These procedures proved effective to remove carbon dioxide in
concentration ranging between 5 and 40% (Orland et al., 2000). However, membrane
saturation might produce gas losses.
2.2 REACTION MECHANISMS OF C02 REMOVAL BY ALKANOLAMINES
For many years among other alkanolamines, methanolamine (MEA) was exclusively
used for removal of CO2 and H2S. This amine increases the CO2 pickup but has higher
heat of absorption than methyldiethanolamine (MDEA) and tends to be more corrosive
(John et al, 1990). Thus, to reduce operating costs (lowest regeneration heat) and
corrosion rates, the use of MDEA (tertiary amine) solvents became more common as an
alternative to the primary and secondary amines in bulk C02 removal (Wang et al.,
2004). In addition, MDEA offers various important features, such as high-acid gas
loading, slow degradation, lower heats of reaction, low vapor pressure and solution
losses (John etal, 1990).
The slower rate of reaction of C02 with MDEA could be compensated through the
addition of small amounts of rate-promoting agents such as diethanolamine (DEA),
which is a secondary amine, and piperazine (Furhacker et al., 2003). Here is where
researchers found out the idea of using blends of primary or secondary amine with
tertiary amines (e.g. MDEA) for C02 removal. Primary amines MEA and diglycolamine
(DGA) offer no selectivity in normal operating units, absorbing CO2 as completely as
H2O. However, secondary and tertiary amines DEA, diisopropanolamine (DIPA) and
MDEA are selective amines and more effective for high pressure application (>300 psi,
20 kPa) (Kevin and Jerry, 2006). Hence, the blend of primary or secondary with tertiary
amine is advantageous since it combine the high absorption capacity of the tertiary
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amines with the high absorption rates achievable with primary or secondary amine
(Zhang et al., 2004).
Considering such importance of blend of primary or secondary amines with tertiary
amines, Zhang et al. (2004) reported the kinetics measurements for the adsorption of
dissolved CO2 on the immobilized amines (primary or secondary amines) and for
desorption of C02-loaded immobilized amines (IA) with MDEA with the liquid medium
fixed-bed column. The experimental work showed the adsorption rate of dissolved CO2
with IA (kiiquid_SOiid = 1.54xl0"7 m/s, 298 K) and the desorption rate of C02-loaded IA
(ksoiid-iiquid = 5.64x10"8 m/s, 298 K) are the same order ofmagnitude and both constitute
rate-limiting processes.
The most significant observation from a plant design perspective is relatively simple
(Douglas et al., 2006). All of amines, as well as the tertiary amines, react with H2S
instantaneously since it is a proton donor acid.
H2S + R&NCHs «• R^NHCH; + HS~ (2.1)
,where R corresponds to alkyl or alkanol groups.
Only the primary and secondary amines can form carbamate by reacting with C02,
which is an electron acceptor lewis acid (Olgac and Erdo, 1999). Here, CO2 replaces a
proton from the amino site as follows
2RlR2NH +C02 <=> R}R2NH2+ + R}R2NCOO~ (2.2)
However, MDEA do not react with C02 directly (Zhang et al., 2004). Since MDEA is a
tertiary amine and doesn't have hydrogen atom attached to the nitrogen, the C02
reaction can only occur after the C02 dissolves in the water to form a bicarbonate ion
(Douglas et al., 2006).
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C02+H20oHC03~ +H+ (2.3)
The bicarbonate formation is slow and only occurs in the liquid phase (Douglas et al.,
2006). The bicarbonate then undertakes an acid-base reaction with the amine to yield an
overall CO2 reaction.
C02+H20 + R1R2NCH3 <=> RXR2NCH/ + HC03~ (2.4)
The tertiary amine MDEA has two ethanol groups attached to the nitrogen atom along




Figure 2.1: Chemical Structure of MDEA (Huttenhuis et al., 2006)
Thus, the reaction of C02 with MDEA can be rewritten as follow (Bolhar-Nordenkampf
etal.,2004).
C02+H20 + MDEAe>MDEAH++HC03- (2.5)
Hydrogencarbonate (HCO3") is an acid salt of carbonic acid (solution of carbon dioxide
in water). It gives off carbon dioxide when heated or treated with dilute acids (Keith,
2001).
2.3 METHYLDIETHANOLAMINE (MDEA)
2.3.1 Physical Properties of MDEA
MDEA is a clear, water-white, hygroscopic liquid with an ammoniacal odor (Huntsman,
2000). It absorbs carbon dioxide and hydrogen sulfide at lower temperatures and
releases the acid gases at higher temperatures. MDEA is used in natural gas plants for
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bulk removal of carbon dioxide while producing a gas stream containing 0.25 grains
hydrogen sulfide/1 OOscf (Huntsman, 2000). Bulk carbon dioxide removal can be
realized with MDEA when the C02 H2S ratio ranges from 100 to 1,000 (Huntsman,
2000). Table 2.1 contains a list of some physical properties of MDEA.
Table 2.1: Physical Properties of Methyldiethanolamine (Stephen, 2007) and (Fine
Chem Trading, 2000)
Physical properties of Methyldiethanolamine
Chemical formula C5H13N02
Boiling point (°C) 247.3
Flash point (PMCC, °F) 240
Freezing point (°C) -21
Specific gravity (20/20 °C) 1.0431
Vapor pressure (20 °C, mm Hg) <0.01
Viscosity (100 °F, est) 36.8
Water solubility (in water) Complete
Weight (20 °C, lb/gal) 8.69
Molecular Weight 119.1
pKa 8.52
2.3.2 Storage and Handling
The solvent and alkaline properties of MDEA should be considered when using
handling and storage facilities (Fine Chem Trading, 2000). MDEA will react with
copper to form complex salts, so the use of copper and alloys containing copper should
be avoided. Carbon steel storage tanks are considered satisfactory. Centrifugal pumps
are preferred with methyldiethanolamine, although carbon steel rotary pumps can be
used (Fine Chem Trading, 2000).
2.3.3 Safety Measures
MDEA is considered slightly toxic by single oral dose and practically nontoxic in single
dermal application. MDEA is moderately irritating to the eyes, but only slightly
irritating to the skin (Fine Chem Trading, 2000). Because of the low vapor pressure of
methyldiethanolamine, exposure to vapors is not expected to present a significant hazard
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under normal workplace conditions (Fine Chem Trading, 2000). However, care must be
taken in handling the compound for extra safety measure.
2.4 CONTAMINANTS IN AMINE GAS TREATING
The knowledge of contaminants that are normally found in amine system would help not
to ignore their significant impact on the overall process performance. Performance
limiting contaminants can build up in amine solutions over an extended period of
operation. Amine contaminants can be grouped into five categories (Randy, 2001); heat
stable salts, degradation, injection chemicals, hydrocarbons and particulates. Randy
(2001) has explained in detail about each of them.
Such contaminant found in amine systems come from three sources which are makeup
water or feed gas and derived contaminants formed by reactions of amine with
contaminants from makeup water (Randy, 2001). And the best approach to avoid
contaminate, such as heat stable amine salt, problem is to address the conditions that led
to the problem.
2.5 FLOWSHEET DESIGN AND STEADY STATE SIMULATION FOR C02
REMOVAL SYSTEM
Flowsheet design is the overall development of a process flowsheet by combining
individual steps (equipment and operating conditions) into an optimal arrangement. The
simulation would provide a set of experimental data on feasibility of separation.
2.5.1 Flowsheet Design for C02 Removal System
The primary selection of a particular process for carbon dioxide removal from natural
gas may be based on feed parameters such as composition, pressure, temperature, and
the nature of the impurities, as well as product specifications. The second selection of a
particular process may be based on acid/sour gas percent in the feed, whether all CO2,
all H2S, or mixed. The third selection could be based on content of heavy hydrocarbon,
such as C3+, in the feed gas and the size of the unit. Final selection is ultimately based
on process economics, reliability, and environmental constraints.
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Commonly the absorption of acid gases (H2S, S02, and CO2) in amine solution is
conducted with a two column operation. The first column is used to absorb the acid gas
into the absorbent amine while the second column is used to regenerate the amine.
Kevin and Jerry (2006) disclosed a process configuration for C02 removal plant (Figure
2.2) using MDEA. The process is based on counter current flow to achieve optimum
mixing. A lean solution (low acid gas) enters the top of the absorber and flows to the
bottom; acid gas enters the bottom of the absorber tower and bubbles to the top. The rich
amine (high acid gas) enters the stripper were the acid gases are released and the clean
amine is returned to the absorber. The acid gases exit from the top of the stripper.
The MDEA is regenerated in the stripper column. In the regeneration process the amine
can degrade or be depleted. Filtration of reaction and corrosion by-products is done with
a slipstream so the total amine concentration is not depleted on each pass and the make




Figure 2.2: Schematic of Amine Sweetening Plant (Kevin and Jerry, 2006)
Douglas et al. (2006) reported the design and operation of a selective sweetening plant
using MDEA for Signalta Forestburg plant. Figure 2.3 shows the process flow diagram
for the plant. A sour natural gas will come in contact with 50% MDEA amine solution
in the contactor. Once treated the sweet gas will leave the column at the top while the
17
bottom product will be lean amine solution. The solution will be sent to the regeneration










Figure 2.3: Process Flow Diagram for the Forestburg Sweetening Plant (Douglas et al.,
2006)
A full flow amine filter was incorporated into the foresburg amine plant. Directly ahead
of the amine contactor in the gas stream a large filter separator removes any particulate
or liquids mists that might be present after inlet separation. A plate/plate heat exchanger
was used as the lean/rich amine exchanger. This type of heat exchanger offers large
surface areas and high transfer rates in small volumes. The overhead condenser and the
lean amine cooler were mounted in a common unit. Air recirculation and two speed fan
motors were also used to prevent freezing problems at low ambient conditions.
Clifton et al. (1985) disclosed another method for removing carbon dioxide from high
carbon dioxide content hydrocarbon containing gaseous streams. The process is for CO2
removal from gaseous stream by CO2 solution absorption in two or more stages with
hydrocarbon control before one or more of the stages to prevent operating problem due
to hydrocarbon condensation as CO2 is removed. According to the invention, the
gaseous stream can contain from about 20 mol% CO2 to about 99 mol% C02, since
18
above about 20 mol% CO2 this particular CO2 solution absorption process become

























Figure 2.4: Block Diagram of Sour Gas Processing Plant (Clifton et al., 1985)
The process (Figure 2.4) is treating the gaseous stream comprising separating at least the
first portion of hydrocarbons from the gaseous stream to produce the first stream having
a reduced hydrocarbon content to prevent the presence of heavy (C3 and higher)
hydrocarbon from causing operating inefficiencies by hydrocarbon condensation in the
absorber during C02 removal.
2.5.2 Flowsheet Simulation of CO2 Removal System
Once the process flowsheet is developed, the process is simulated to investigate the
necessity of recycles, product quality and to refine the operating conditions in order to
optimize the process yield, utilities, and cost.
HYSYS process simulator has been used (Salako, 2005) to predict the C02 removal
process operating conditions range at which hydrocarbon and chemical loss (amine
solvent) can be minimized. For the amine process simulation, amine fluid package and
Kent-Eisenberg thermodynamics and non-ideal vapor phase model was found to be
accurate and applicable (Salako, 2005) . In his work the behavior of different process
variables for reference state condition and the influence of changes in operating
19
conditions for an industrial packed column for reactive absorption column have been
recorded.
G0teborg (2007) reported Aspen HYSYS simulation of a monoethanolamine based CO2
removal by amine absorption from a gas based power plant. The thermodynamic
properties were calculated with the Peng Robinson and Amines Property Package
models which are available in Aspen HYSYS.
Seok and Hyung-Taek (2004) elaborated Aspen Plus simulation of C02 absorption
system with various amine solutions. The study focused on minimizing the amount of
energy required in the regeneration process through the simulation of various process
concepts of solvent absorption and to suggest the optimum operation conditions to the
actual experimental setup. Bench-scale, continuous CO2 absorption reactor (capacity = 5
Nm /hr) located in the Korea institute of energy research was modeled and simulated
with Aspen Plus. Kevin and Jerry (2006) used TSWEET® process simulator to analyze
an amine sweetening unit with regard to amine concentration, use of amine mixture and
lean amine temperature. The authors reported that the use of mixture of amines appeared




3.1 CONCEPTUAL PROCESS DESIGN
This project has got two major phases: phase one, designing a flowsheet of the
proposed plant and phase two, simulating the flowsheet in order to access the feasibility
and operating condition of the plant.
Conceptual design generates potentially profitable alternatives based on characteristics
of a system. In order to design flowsheet of the CO2 removal plant, the well-known
heuristic-based method proposed by Douglas (1988) will be implemented for the
purpose of hierarchical decision making. Heuristics-based methods are often used
during industrial process synthesis. The hierarchical procedure for conceptual design
(Douglas, 1988) decomposes the design into a series of sub-problems. Figure 3.2 shows









Figure 3.1: Conventional Design Procedures (Douglas, 1988)
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3.2 FLOW CHART FOR PROJECT METHODOLOGY
Considering the role of the hierarchical design procedure (Figure 3.2), Figure 3.1 shows
the detailed flowchart for the project methodology. Given a product that is to be
manufactured, which in this case is sweet natural gas, conducting a search of technical
and patent literatures for information about reaction kinetics , flowsheet design and
flowsheet simulation of the proposed CO2 removal system is the first crucial step in
doing the project. Then by the use of existing process design models such as onion
model, the flowsheet design of the aminated resin based CO2 removal plant would be
done step by step.
Furthermore, constructing input-output structure of the C02 removal process would
simplify and make the whole picture of the process clearer. At this stage it would be
necessary to identify and examine all the necessary steps to be accomplished in the
separation of CO2 from natural gas. Once the base flowsheet is obtained, a study on the
effect of change of parameters on the process would be conducted. Finally, in order to
access the practicality of the flowsheet a preliminary economics analysis of the
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Figure 3.2: Flow Chart for Project Methodology
3.2 TOOLS REQUIRED FOR THE PROJECT
Since testing at a large scale is so expensive, it is natural to use process simulation to
evaluate such process. The rigorous unit operations models and fast simulation
algorithms contained in process simulators enable to generate accurate data about a
process plant. Besides, a computerized approach to the process design calculations is
necessary to optimize the design in any reasonable time frame.
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For the process simulation, ICON and HYSYS are the simulators used for this project.
Since the aminated resin is a new adsorbent these two process simulators are used to
validate the simulation data found from one of the simulators using the data found from
the other.
The ICON process simulator is a process modeling tool for conceptual design and
optimization which is developed by PETRONAS, the Malaysia's national oil
corporation in collaboration with Virtual Materials Group (VMG) Inc. It is based on a
thermodynamic and physical property calculation mechanism used to predict process
behavior for upstream and downstream oil and gas applications.
The HYSYS process simulator is also powerful software for simulation of chemical
plants and oil refineries. It includes tools for estimation of physical properties and
liquid-vapor phase equilibria, heat and material balances, and simulation of many types
of chemical engineering equipment. Moreover, Microsoft Excel will also be used to do




4.1 ADSORPTION MECHANISM OF C02 REMOVAL WITH AMINATED
RESIN
Since the exact kinetics model for this particular reactive adsorption process on
aminated resin is yet to be developed, a possible mechanism of CO2 adsorption onto the
aminated resin is proposed. Figure 4.1 demonstrated the reversible adsorption of CO2 on
amine surface-bonded resin in which the porous support provides the amine with
structural integrity and a surface for liquid/solid contact. Hence, the resin would help the
amine to with stand high pressure contributing to its durability.
GAS LIQUID (H20) - solid!
CH3- N^








Figure 4.1: A Gas-Liquid-Solid Mechanism for C02 Removal with Aminated Resin
Figure 4.1 illustrates that the C02 from the gas phase dissolves in the liquid phase (gas-
liquidmass transfer). The chemical adsorption process happens through the reaction of
dissolved C02 with the aminated resin (liquid-solid 'adsorption'). Then the reaction
will result in releasing bicarbonate (hydrogencarbonate) into the solution. As
hydrogencarbonate gives off carbon dioxide when heated or treated with dilute acids
(Keith, 2001), for this project it is proposedto use heat to release the carbon dioxide.
4.2 KEY DESIGN ASSUMPTIONS
The basic assumptions made for this project are summarized below:
1. Carbon dioxide in natural gas is adsorbed by an aminated resin, an
amine functionalized adsorbent i.e. methyldiethanolamine (MDEA) is
the amine group in the resin.
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2. The reaction mechanism for the carbon dioxide removal by the
aminated resin is considered to be similar to that of the kinetics of
carbon dioxide absorption with solvent MDEA. Thus, the basic
reactions that govern MDEA selectivity are as follows as it has been
discussed in detail in literature review section too.
H2S + MDEA<^MDEAH++HS~ (4.1)
C02 + H20 + MDEA <=> MDEAH+ + HC03~ (4.2)
3. The resin is considered as inert solid in the separation process apart
from its contribution to enhancement of carbon dioxide adsorption in
MDEA by allowing the amine to withstand high pressure.
4. Regeneration is expected to happen in a distillation column where
the regeneration is being achieved by the increase in the column
temperature.
5. Heat stable salts and other process solid contaminants (Randy, 2001)
which might be accumulated over some run times shall be removed
from the cycle by an appropriate filtration process.
4.3 FLOWSHEET DESIGN
The selection criteria for gas processing is highly related to the selection of gas treating
configurations to complete the gas processing in order to meet product specification and
to satisfy environmental regulatory requirements. Although there are many different
types of amines and different configurations for amine sweetening facilities (section
2.5.1), the fundamental process is the same in nearly all cases.
4.4 PROCESS FLOW DESCRIPTION
Figure 4.2 presents a simplified input-output structure of the acid gas removal process.
As the aminated resin-water mixture is the media being used for CO2 adsorption; it will
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Resin - water mixture
Figure 4.2: The Input-Output Structure for the Acid Gas Removal System
Based on input-output structure in Figure 4.2 the block diagram for the system is
illustrated in Figure 4.3. In Figure 4.3, the sour natural gas would go through the CO2
removal section. Upon sweetening using the aminated resin the natural gas will be sent
to existing acid gas removal plants (e.g. amine treating plant in refineries) for further
processing as desired. On the other hand, the exhausted resin-water mixture from the
carbon dioxide removal section would go through another separation process which will
be used to recover some of the hydrocarbons components carried over. The exhausted
aminated resin-water mixture (i.e. saturated) then passes through a separation process to
separate adsorbed carbon dioxide from the resin. Once regenerated, the aminated resin is
recycled to the carbon dioxide removal section for carbon dioxide adsorption.
i • i 1 i L
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Figure 4.3: The Block Diagram for the Acid Gas Removal System
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It is a common knowledge that recycling of materials can reduce cost and has
environmental benefit too. In addition, makeup water is necessary as there would be loss
of water from the process due to high temperature used in the regeneration step.
At the start of this project, there was a need to consider a simple vessel allowing a
contact between the sour gas and the specially designed adsorbent to benefit from the
design simplicity and economic aspect of the separation process. However, due to the
characteristics of the amine (MDEA), slow reaction rate with C02, for this project it was
necessary to use tray column to give more time for the reaction to happen getting better
gas-liquid-solid contacting efficiency. In addition, since the solid resin is present in the
towers are also preferred because it permits easier cleaning too.
Once the CO2 is adsorbed on to the resin, the treated natural gas leaves from the top of
the column while the exhausted aminated resin-water mixture leaves the column from
the bottom. The exhausted resin-water mixture will be flowed to a flash tank to remove
the hydrocarbon components carried over with it. The flashed overhead product
containing the hydrocarbons can be used as a fuel. To make the resin ready for reuse a
regeneration section using a distillation column (CO2 stripping column) to remove the
adsorbed carbon dioxide from the resin is proposed. During the regeneration, carbon
dioxide and some water evolve from the mixture and water can be separated by
condensing the mixture.
Some of the aminated resin might degrade along the regeneration process and there
might also be some other contaminants such as heat stable salts (Randy, 2001). Since
the deposition of such contaminants occurs in a long run, early consideration of there
existence is beneficial than otherwise. Filtration of those contaminants can be done
either by introducing a continuous filtration process right ahead of the regeneration
process or it can also be done manually depending on its suitability.
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Figure 4.4: The Proposed Process Block Diagram for the Acid Gas Removal System
Based on the block diagram in Figure 4.4, the process flow diagram for the system is
illustrated in Figure 4.5. The process flow diagram makes the process representation
























Figure 4.5: The Proposed Process Flow Diagram for the Acid Gas Removal System
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4.5 PROCESS SIMULATION
Considering the presence of other trace amount elements in case of the real natural gas
feed condition, the composition of the sour gas is considered to be as shown in the Table
4.1. The amount of carbon dioxide is taken to be 70 mol% of the natural gas in line with
the project objective.
4.5.1 Natural Gas Feed Condition
If simulation result for the particular natural gas stream condition (Table 4.1) is
evaluated and found to have certain pattern of performance, then for a case where there
are no other trace elements in the natural gas stream other than carbon dioxide and
methane, the designed plant performance would obviously be better as there wouldn't be
any other compound such as that of H2S competing with carbon dioxide for adsorption
onto the aminated resin.




















4.5.2 Initial Amine Circulation Rate
When initiallydesigning an MDEA facility, a first estimateof the amine circulation rate
is required. That is because, the amine circulation rate is important to ensure effective
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treatment of the sour gas. It is also important because it is a major contribution to the
operating cost. Douglas et al. (2006) reported the following formula (4.3) to be used to
estimate preliminary amine circulation rate.
Circulation rate{GPM) =°206xMM x(H*S +C°^/ML xWT (4-3)
, where MM- gas flow MMSCFD,
H2S - mol % of H2S to be removed,
CO2 = mol% of CO2 to be removed,
MWT = mole wt of MDEA =119.1,
ML = acid gas loading (moles acid gas/mole) recommended for MDEA 0.4 to 0.6,
WT- weight % of solvent amine MDEA.
Taking the composition of natural gas in Table 4.2, the initial estimate for amine
circulation rate can be calculated as follows assuming 50% of the CO2 and 100% of the
H2S to be removed. Moreover, the amine solution weight by percent is taken to be 50%.
Citato* r*«(GP^ 0.6x50
Thus, the initial estimate for the amine circulation rate is taken to be 750.55 USGPM,
equivalent to 170.47 m3/hr.
Mafarahi et al. (2008) reported some of the different operating conditions that are tested
and proven with a particular amine and become accepted on industry-wide basis. Table
4.2 shows the operating conditions for common amines used for CO2removal.
Table 4.2: Typical Operating Conditions and Data for Amines (Mafarahi et al., 2008)
Amine MEA DEA DGA MDEA
Solution concentration (wt %) 15-30 25-35 50-70 20-50
Maximum concentration (wt %) 30 50 70 50
Temperature (°F) 77-260 77-260 77-260 77-260
Acid gas loading (mol/mol) 0.3-0.35 0.3-0.35 0.3-0.35 Unlimited
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4.5.3 Theoretical Number of Trays
There are several accepted methods to calculate theoretical trays in amine contactors.
Among these are the McCabe Thiele- Graphical Method and the calculation method
(Jones and Peter, 2006). This calculation method is considered by many to be the
sounder and more accurate of the methods available. The formula (4.4) is known being
used for design of absorption column for H2S removal from natural gas. For this project,
the same formula is adapted for calculation for carbon dioxide removal. In this project,
the number of trays used is 20.
N=Log(Vq(A-\))
(Log A)
Where N= number of theoretical trays
q = mole of CO2 in the lean gas/mole CO2 in feed gas
A= the absorption factor L/V .K
(4.4)
For the regeneration purpose the reboiler duty is chosen based on the guidelines
provided below, which should provide an acceptable H2S and CO2 loading in the lean
amine (Jones and Peter, 2006).
Table 4.3: Recommended Steam Rates Per Lean Amine for Different Type of Amines
Recommended Steam Rates lb Steam / USGAL lean
amine (based on 1000 BUT /lb steam)
Primary Amine (e.g., MEA) 0.80
Secondary Amine (e.g., DEA) 1
Tertiary Amine (e.g., MDEA) 1.20
DGA 1.30
4.6 SIMULATION RESULTS
Using ICON process simulator, with the convergence of the absorber and the
regenerator units a complete amine simulation was established as shown in Figure 4.6.
One basic assumption made for simulation is that the tray efficiency of the absorption
column is taken to 15% for CO2 and 80% for that of H2S. This is because H2S can
32
instantly react with MDEA unlike C02.
MDB_TO_RECV
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Figure 4.6: Complete Simulations Unit using ICON Process Simulator
The material balance table for the simulation done using ICON process simulator is









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Having the project objective of producing a treated natural gas containing less than 30%
of carbon dioxide, the natural gas from the proposed simulated natural gas plant meets
the requirement as shown in Table 4.4 i.e. 11.8 mol% which is around 20 wt% of the
sweet gas stream.
Using HYSYS process simulator with the convergence of the absorber and the
regenerator units a complete amine simulation was established as shown in Figure 4.7.
The amount CO2 in the treated natural gas stream is found to be 14 mol% consistent
with the project objective of producing less than 30 mol% C02 in the product stream.
Figure 4.7: Complete Simulations Unit Using HYSYS Process Simulator
The material balance table for the simulation done using HYSYS process simulator is
presented in Table 4.5.
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4.7 EFFECT OF OPERATING PARAMETERS
CO2 absorption capability in solvent can be determined by the following main variables
(Baying et al. 2009)
1. Solvent circulation rate
2. Solvent feed temperature to the absorber
3. Absorber operating pressure
4. Absorber column height
In this work, the effects of the first three parameters listed are investigated except the
column height. The simulated models are usedto study how operating parameters affect
the C02 composition of the sweet gas while holding all otherprocess variables constant
when studying the effect of one parameter.
Table 4.6: An Overview on Results With Respect to Each Simulator
Parameters Observation on effects of the changes in the parameters with respect to
each simulators
HYSYS ICON
Fluid package • Amine fluid package • MDEA fluid package
Pressure • Simulator converged for • Simulator converged for each AP
each AP attempted and attempted and shown consistent trend
shown consistent trend
• However, the simulator
couldn't converge for P >
2000 kPa
Temperature • Simulator converged for • Simulator didn't converge for various
each AT attempted and AT attempted. Therefore, couldn't
shown consistent tread observe the profile
Amine • Simulator converged • Simulation didn't converge for various
circulation rate and shown consistent attempted changes in amine rate.
trend Therefore , couldn't observe the profile
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In addition, the identification of best operating parameters were done in a two
dimensional search i.e. not identifying the best performance with respect to all
parameters simultaneously.
4.7.1 Effect of MDEA Concentration and Its Flow rate on C02 Removal
Figure 4.7 compares the CO2 removal performance of 38 wt% MDEA with 48 wt%
MDEA when increasing the MDEA flow rate. As the concentration of MDEA increases,
the absorber performance would increase i.e. resulting in low amount of CO2 in the
treated natural gas stream (sweet gas). The result can be explained further as, when
highest quantity of reactive (amine) is present, a major quantity of CO2 absorbed in the
liquid phase reacts with amine i.e. the higher the amine flow rate the better the
performance would be. Moreover, Douglas et al. (2006) reported that for MDEA when
the circulation rate is increased for any given column, the CO2 pickup increases in a
column of fixed diameter even though the liquid residence time on a tray decreases with
increased circulation.
400 500 600 700
Lean Amine Flow Rate [m3/hr]
Figure 4.7: Effect of MDEA Flow Rate on Amount of C02 in SweetGas for 38 Wt%
and 48 wt% MDEAUsing HYSYS (T-35 °c and P= 6860.28 kPa)
4.7.2 Curve Fitting
A Polynomial regression method canbe applied to produce a mathematical model which
shows the relation between the amine circulation rate and the amount of CO2 in the
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sweet gas shown in Figure 4.7. The equation can be used to make quick estimate for the
amount of CO2 for any given amount of amine flow rate. Microsoft Excel is the
software used while doing this task.
400
y=1E-11/ - 3E-08>f +3E-05^-q.0141x+2-5791
38 w t% MDEA
48 w t% MDEA
R>ly. (38wt%MDEA)
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Lean Amine Flow Rate [m3/hr]
725.00,0.21
Figure 4.8: Curve Fitting for Effects of MDEA Concentration and Its FlowRate on C02
Removal
Table 4.7 shows the polynomial equations for concentrations of 38 wt% MDEA and 48
wt% MDEA.
Table 4.7: The Polynomial Equation Models for Relation between Amine FlowRate
and Amount of C02 in Sweet Gas
Amine
concentration
Polynomial equation Value of R2
38% y = 1E-1 lx4 - 3E-08xj + 3E-05x2 - 0.0141x + 2.5791 0.9996
48% y = 3E-12x4 - 9E-09xj + 9E-06x2 - 0.0041x + 0.9343 0.9999
• Note: "y" in the equations, represents the mass fraction of C02 in the treated natural gas
(sweet gas) while "x" representsthe amine flow rate.
• The R-square value is an indicator of how well the model fits the data(e.g. an R-square close
to 1.0 indicates that the model accounted for almost all of the variability)
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4.7.3 Effect of Lean Amine Temperature on CO2 Removal
Figure 4.8 illustrates the acid gas concentration in the sweet gas as a function lean amine
temperature for 38 wt% concentration of MDEA. For this particular designed plant the
only parameter available for control of the column temperature is the lean amine
temperature. Since the reaction with MDEA is kinetically controlled, the hotter the
column the faster the reaction rate. From figure 4.8, for temperature region up to around
130 °F increase in temperature increases CO2 removal capacity of the system. This is
because the higher temperature increases the kinetic effect to a greater extent relative to
the decrease in C02 solubility. However, after a certain temperature (i.e. about 130 °F),
the decrease in solubility of the CO2 in the amine solution becomes the overriding factor
and the net CO2 pickup begins to decrease. A similar trend was reported by Jerry and
John (2006). In the absence of other chemicals the amine does not suffer degradation or
decomposition at temperature up to its normal boiling point (247.3 °C) (Jones and Peter,
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Figure 4.8: Effect of the Lean MDEA Temperature on amount of CO2 in the Sweet Gas
for 38 wt% MDEA using HYSYS (P= 6860.283 kPa)
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4.7.4 Effect of Sour Gas Pressure on CO2 Removal
Using both process simulators (HYSYS and ICON), the impact of the sour gas pressure
on the C02 adsorption system has been recorded. As the sour natural gas comes from
different reserves, pressure of the sour gas might vary from time to time. Thus, knowing
the impact of the increase in pressure on the system would help to give attention on
pressure of the sour natural gas stream and to take corrective measures as necessary.
Figure 4.9 illustrates that both of the models generatedusing HYSYS and ICON show a
similar trend. Up to the pressure of around 1500 kPa, the increase in pressure did not
have the significant change on CO2 absorption capacity of the amine. This shows as the
C02 reaction is driven by kinetics, it is less affected by lowered pressure. However,
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Figure 4.9: Effect of the Sour Natural Gas Pressure on amount of C02 in the Sweet
Gas for 38 wt% MDEA using HYSYS and ICON (T-30 °C)
However, Figure 4.9 also illustrates that high pressure enhances C02 removal. As it
happens in pressure swing adsorption the higher the pressure, the more gas is adsorbed;
when the pressure is reduced, the gas is released, or desorbed. Hence, in this workas we
need to enhance the CO2 removal capacity of the resin, the increase in pressure leads to
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better C02 removal. Hence, operating at higher pressure more that 4500 kPa will bring
high CO2 removal efficiency to the plant i.e. the higher the pressure the better the
performance would be.
Deviation for results from the simulated models using HYSYS and ICON can be
calculated as follows:
Deviation =
xCOi from HYSYS-xCOi from ICON
xco fromICON
xl00%











CO2 in sweet gas
1 700 0.24402632 700 0.205027
2 1900 0.24762771 1900 0.21061736
For point 1 the deviation is calculated as 19% while for point 2 is 17%. These results
can be interpreted as, the results found from ICON model deviates 19% and 17 % from
results found form HYSYS model for two random points selected from the graph
(Figure 4.9)
4.8 PRELIMINARY ECONOMIC EVALUATION
The following preliminary calculation is done to evaluate economic potential of the
plant with respect to the raw material and product cost. The aminated resin of this
project is expected to have a higher price than price of solvent MDEA and normal resin
since it is the combination of the two. The price of the aminated resin is estimated
considering the price of the two materials as listed in the Table 4.8. Based on the project
objective of reducing C02content down to 30 mol%, the corresponding amount of fresh
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MDEA required on hourly bases is 175 m3/hr. A total of 330 operational days in a
year have been considered for obtaining the estimate for economic potential one.
Table 4.9: Price of Raw Materials and Products
Material Price Amount being consumed








Water $0,337 per mj
Natural gas
(processed)
$154.47 perm' 206 m3/hr 252,020,894
• Note: The price for the aminated resin is considered to be a bit higher than the price of the
reactants (solvent MDEA and Polyethylene) for making this product(aminated resin).
• Industrialwater tariff for Terengganuas of 2008 is taken for the calculation
» The calculation is done for 30 mol% of C02in the sweet gas
Based on the calculation in Table 4.9, the price of the raw material seems to be higher
that the product price based on hourly operation. However, it should be noted that the
aminated resin is being recycled so depending the life time of the resin the plant would
obviously be profitable. The concept applied here is provided in the formula below
Economic Potential 1= Product cost - Reactant cost
- ($252,020,894- $27,235,673)
-$225,148,221 per year






The ultimate goal of this project was to design amine sweetening plant which is capable
of producing specification quality product as economically as possible. The project is
done based on the basic engineering assumption that; the methyldiethanolamine
functionalized resin of this project behaves almost the same way as the solvent
methyldiethanolamine. The same assumption makes the resin to be considered as inert
solid in the separation process apart from its contribution to enhancement of carbon
dioxide absorption in MDEA by allowing the amine to withstand high pressure. It has
been discussed in the earlier parts of this report that solid adsorbents ( section 1.1.4)
have a good feature in which the porous support provides the amine with structural
integrity and a surface for gas/solid contact (Leal et al. 2000).
Based on the simulation performed, the specially designed aminated resin has the
expected potential to capture carbon dioxide from high CO2 loaded natural gas steam,
provided the amine circulation rate and column size are large enough. The carbon
dioxide content in the treated gas stream from the designed plant is found to meet the
project objective of having less than 30 mol% carbon dioxide content, i.e. 11.8 mol%
from the ICON process simulator and 14 mol % from HYSYS. In addition, the best
operating parameters have been identified for best performance of the resin. The higher
the amine flow rate and concentration, the better the performance. At temperature of
around 130 °F the plant operates very well. Operating the plant at higher pressure
greater than4500 kPabrings high C02 removal efficiency to the plant i.e. the higher the
pressure the better the performance would be.
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5.2 RECOMMENDATION
Knowing more about the specially designed aminated resin of this project such as its
reaction kinetics and other relevant physical properties of the reactions products (e.g. the
physicalproperties of products resulted from the reactionbetween CO2 and the aminated
resin) would help to design the plant more efficiently. For future work it is suggested to
study the kinetic characteristics of the reaction by actual experiment and incorporate the
result into the proposed design. Such results would allow to implement reactive
adsorption with use of series of reactors and separators in place of the absorber (Figure
4.5 & 4.6) for simulation. In our suggested design, the reactors are expected to capture
newly added contribution of the resin to the C02 adsorption process when compared to
adsorption by solvent MDEA.
A single heat exchanger the details of which has been discussed in literature review part
of this report (Chapter 2) is used in acid gas treatment plants as it has been simulated in
HYSYS. The heat exchanger allows heat transfer between the lean and rich amine. For
this particular design project, an attempt in terms specifying the pressure drop among
the parts of a shell and tube type of heat exchanger has been made to include the effect
of the heat integration in ICON simulator. However, the ICON was unable to simulate it.
Thus, further work it is recommended to do the detail heat integration analysis for the
system to come up withdetail design specification to provide the simulators with.
45
REFERENCES
1. Abdul Rahim, H. H. (2008, Nov.). 4th Asian Pipeline Conference & Exhibition.
PETRONAS. Kuala Lumpur, Malaysia. [Online]. Available:
http //www.ascopegas.com.my.
2. Anjan, K. D. and Pradip, K. S., 2006, "Optimization of Membrane Unit for
Removing Carbon Dioxide from Natural Gas," Journal of Membrane Science
283(1-2) 291-300.
3. Bhide, B. D. and S. A. Stern (1993). "Membrane Processes for the Removal of
Acid Gases from Natural Gas. II. Effects of Operating Conditions, Economic
Parameters, and Membrane Properties." Journal of Membrane Science 81(3)
239-252.
4. Bj0rnar, A., Helmer, F. et al., 2008, "Amine Functionalized Metal Organic
Frameworks (MOFs) as Adsorbents for Carbon Dioxide," Adsorption 14 755-
762.
5. Bolhar-Nordenkampf, M., Friedl, A. et al., 2004, "Modeling Selective H2S
Absorption and Desorption in an Aqueous MDEA-Solution Using a Rate-Based
Non-Equilibrium Approach," Chemical Engineering and Processing 43(6) 701-
715.
6. Brian, R.S. and Media, P. (1984, Apr.10). Method of Treating Carbon Dioxide
Containing Natural Gas. U.S. Patent 4,441,900 [Online]. Available:
http//www.freepatentsonline.com/4441900.html.
7. Byung, D. L., Dong, M. K. et al., 2009, " A Comparative Study on the Carbon
Dioxide Capture Power between 30 wt% 2-Amino-2-Methyl-l-Propanol and 30
wt% Methyldiethanolamine Amine Aqueous Solution," Korean Journal of
Chemical Engineering 26(3) 818-823.
8. Clifton, S., Goddin, J. et al. (1985, Jul.16). C02 Removal from High C02
Content Hydrocarbon Containing Streams. U.S. Patent 4,529,411, [Online].
http //www.freepatentsonline.com/4529411 .html.
9. Coulson, J. M., Richardson, J. F. et al. 1991, Particle Technology and Separation
Processes, Newcastle-upon-Tyne, Butter Worth-Heinemann.
46
10. Douglas, H. M., Christina, A.D. et al. 2006, "Design & Operation of a Selective
Sweetening Plant Using MDEA," Bryan Research and Engineering, Inc.
Technical Papers 31-36.
11. Douglas, J. M. 1988, Conceptual Design of Chemical Processes, New York,
McGraw-Hill.
12. Fine chem. Trading, Methyldiethanolamine (MDEA).
http//www.chemfinder.co.uk/methyldiethanolamine_MDEA.html
13.Fiirhacker, M., Pressl, A. et al., 2003, "Aerobic Biodegradability Of
Methyldiethanolamine (MDEA) Used in Natural Gas Sweetening Plants in
Batch Tests and Continuous Flow Experiments," Chemosphere 52(10) 1743-
1748.
H.George, R. and Coraopolis, P. (1970, Jan.20). Reactivation of
Monoethanolamine Impregnated Activated Carbon. U.S. Patent 3,491,031
[Online]. Available http//www.freepatentsonline.com/3491031.html.
15. G0teborg. Aspen HYSYS Simulation of C02 Removal by Amine Absorption
from a Gas Based Power Plant. SIMS2007 Conference. Telemark University
College, Norway.
16. Hermann, A. Z., Evanston, A. et al. (1989, Mar.7). Carbon Dioxide Removal
Using Aminated Carbon Molecular Sieves. U.S. Patent 4,810,266 [Online].
Available http //www.freepatentsonline.com/4810266.html.
17. Huntsman Corp., 3 Jan. 2009, Methyldiethanolamine (MDEA), [Online]
<http//www.huntsman.com/performance_products/Media/MDEA.pdf>
18. Huntsman, P. C. Methyldiethanolamine (MDEA).
19.Huttenhuis, P.J.G., Mohanl, S. 2006. Absorption of Carbonyl Sulphide in
Aqueous Piperazine. IChemE, Symposium Series No. 152.
20. John, C. F., Stephen, T. D. et al. 1990, "The Use of MDEA and Mixtures of
Amines for Bulk C02 Removal," Bryan Research and Engineering, Inc.
Technical Papers 135-139.
21. Jones D. S. J., Peter R. P. 2006, Handbook of Petroleum Processing, Netherlands,
Springer.
47
22. Kevin, M. and Jerry, A. B. 2006, "Optimization of Amine Sweetening Units,"
Bryan Research and Engineering, Inc. Technical Papers.
23. Keith, A. 2001, [Online]. Available
http//www.talktalk.co.uk/reference/encyclopaedia/hutchinson/m0026532.html
24. Leal, 0., Bolivar, C. et al, 1995, "Reversible Adsorption of Carbon Dioxide on
Amine Surface-Bonded Silica Gel," Journal of Inorganica Chimica Acta 240(1-2)
183-189.
25. Mark, F. 2009. BP's Stastical Review of World Energy Volatility and Structural
Change. BP, [Online]. Available. http//www.bp.com/statisticalreview.
26. Mofarahi, M., Khojasteh, Y. et al., 2008, "Design of C02 Absorption Plant for
Recovery of C02 from Flue Gases of Gas Turbine," Energy 33(8) 1311-1319.
27. Nasir, H.D. and Abd Rahman, B. H„ 2006, "Technical Challenges and Solutions
on Natural Gas Development in Malaysia," The Petroleum Policy and
Management (PPM) Project, Beijing.
28. Olgac B. and Erdo_gan A., 1999, "Reaction Mechanism and Kinetics of
Aqueous Solutions of Primary and Secondary Alkanolamines and Carbon
Dioxide," Turk Journal Chemical 23 293-300.
29. Orland, L., Carmelo, B. et al., 2000, "Carbon Dioxide Removal from Natural
Gas using Amine Surface Bonded Adsorbents."
30. Philip, J. B., Windsor, L. et al. (1999, Mar.2). Regenerable Solid Amine Sorbent
United States. U.S. Patent 5,876,488 [Online]. Available
http//www.freepatentsonline.com/5876488.html
31. Przepiorski, J., Tryba, B. et al, 2002, "Adsorption of Carbon Dioxide on
Phenolic Resin-Based Carbon Spheres," Journal of Applied Surface Science
196(1-4) 296-300.
32. Randy, H. 2001. Contaminants in Amine Gas Treating. CCR Technologies Inc.,
Texas, USA.
33. Al-Sobhi, S. A., Alfadala, H. E. et al. 2009. Simulation and Energy Integration
of a Liquefied Natural Gas (LNG) Plant. Proceedings of the 1st Annual Gas
Processing Symposium. Amsterdam, Elsevier 131-135.
48
34. Salako, A. E. 2005. Removal of Carbon Dioxide from Natural Gas for LPG
Production. Semester Project Work, Norwegian University of Science and
Technology, Trondheim, Norway.
35. Seok, K. and Hyung-Taek, K., 2004, "Aspen Simulation of C02 Absorption
System with Various Amine Solutions," Dept. of Energy Studies, Ajou
University, Korea 442-749
36. Song, H. J., Lee, S. et al, 2006, "Solubility of Carbon dioxide in Aqueous
Solutions of Sodium Glycinate," Fluid Phase Equilibria 246(1-2) 1-5.
37. Stephen, A. G. 2007, Carbon Dioxide Capture by Tertiary Amidine Functional
Adsorbents, Master's Thesis, University of Pittsburgh, United States.
38. Steve, W. 1997, "Fundamentals of Natural Gas Chemistry," Coastal Flow
Measurement, Inc.
39. Wang, R., Li, D. F. et al., 2004, "Modeling of C02 Capture by Three Typical
Amine Solutions in Hollow Fiber Membrane Contactors," Chemical Engineering
and Processing 43(7) 849-856.
40. Wei, S., Luzheng, Z. et al., 2009, "Adsorption of C02 and N2 on Synthesized
NaY Zeolite at High Temperatures," Adsorption 15 497-505.
41. Zhang, X., Schubert, S. et al, 2005, "Studies on the Kinetics of Carbon Dioxide




Table A.l Project Schedule










No. Task Detail 1 2 3 4 5 6 7
S
8 9 10 12 13 14
1 Selection ofproject topic
2 Preliminary research work
3 Submission ofpreliminary report t
4 Seminar 1 i
5
1
Project work (Letrature review) HHm
6 Submission ofproqress report e
s
i
7 Seminar 2 a
8
2
Project work continues (input-output structure) e HHHH




















Identifying subprocesses/ Construct a block diagram
2
4




4 Simulation/ Process evaluation
5 Preliminary economics evaluation
6 Submission ofinterim report 0
7 Final oral presentation •
The project objective
To synthesize the feasible routes for CO; adsorption systemthat uses aspecially designed ^solvent at the
natural gas reseives which can remove CO2 at high pressure and high CO; content ( 1,2,3 and 4)
T?_.4^eloP Jbej^s[b[e flqwsheet and.simu(ate ynjCON_an^^ntify the be^or^ej;atjng pirameters^
for the system (5 and 6)




The simulation of the plant (Figure 4.4) was carried was using the following steps. The
first step is to select the appropriate fluid package; here MDEA fluid package which can
be found in ICON process simulator is selected. Considering the presence of the resin in
the process, solid support model was also selected which can also be found in ICON
process simulator (Figure A.l).
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Figure A.1 FluidPackage Basis (MDEA fluid Package)
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Once the components of the fluid are selected, one can enter the simulation environment.
The simulation environment is where process flow diagram is built. The simulation of
the process begins with the simulation of the feed sour gas stream by specifying the gas
temperature, pressure and flow rate and ICON calculates the remaining parameters as
shown in Figure 4.7. As shown in Figure A.3, the percent composition of C02 of the
feed gas is taken to be 70% which is above the maximum of 40 % capacity of existing
acid gas plants.
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Figure A.3 Sour Gas Specification Window
Usually the feed gas stream (the sour gas) would contain trace amount of water vapor.
Hence, separating the water vapor from the gas stream would be important to avoid
operation problems due to condensation in the adsorption column. For this specific
purpose a separator is being utilized.
Other streams specifications made are, MDEA to contactor temperature, pressure and
flow rate, make up water temperature and MDEA to recycle temperature. With these
specifications made, ICON make use of its flexibility of calculating forward and
backward to completely simulate the process. One of the rigorous tasks is the
convergence of the absorber and the regenerator. To converge the absorber (Figure A.4),
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its top and bottom temperature and pressure were specified. Unlike HYSYS process
simulator ICON does notprovide users withcalculated component efficiencies (H2S and
C02) in the absorber. Hence, the alternative way considered was to simulate the same
plant (Figure 4.4) and get the estimated component efficiencies for the base simulation
in ICON.
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Figure A.4 Converged Window of the Absorber
The bottom product of the absorber need to go through a flash tank (separator) to
remove the hydrocarbons components carried along with the rich amine. The
regenerator (distillation column) is converged by specifying the condenser and re-boiler
pressure, the reflux ratio (full reflux) and components efficiencies (H2S and CO2) the
column is then run (Figure A.5).
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Figure A.6 Sweet Gas Stream Conditions using ICON Process Simulation
Figure A.7 and A.8 shows the converged absorber and regenerator units using HYSYS
process simulator.
54












Stream 1 Inlet Stage 1






















Design IParameters ] Side Ops JRating j Worksheet j Performance J Flowsheet j Reactions ] Dynamics \
Column Environment... Run Reset j HflBBSUNH |V Update Outlets f~ ignoredDelete
Figure A.7 Converged Windows for Absorber
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Figure A.9 Sweet Gas Stream Conditions using HYSYS Process Simulation
56
